Steccherinum ochraceum is a white rot basidiomycete with wide ecological amplitude. It occurs in different regions of Russia and throughout the world, occupying different climatic zones. S. ochraceum colonizes stumps, trunks, and branches of various deciduous (seldom coniferous) trees. As a secondary colonizing fungus, S. ochraceum is mainly observed at the late decay stages. Here, we present the de novo assembly and annotation of the genome of S. ochraceum, LE-BIN 3174. This is the 8th published genome of fungus from the residual polyporoid clade and the first from the Steccherinaceae family. The obtained genome provides a first glimpse into the genetic and enzymatic mechanisms governing adaptation of S. ochraceum to an ecological niche of pre-degraded wood. It is proposed that increased number of carbohydrate-active enzymes (CAZymes) belonging to the AA superfamily and decreased number of CAZymes belonging to the GH superfamily reflects substrate preferences of S. ochraceum. This proposition is further substantiated by the results of the biochemical plate tests and exoproteomic study, which demonstrates that S. ochraceum assumes the intermediate position between typical primary colonizing fungi and litter decomposers or humus saprotrophs. Phylogenetic analysis of S. ochraceum laccase and class II peroxidase genes revealed the distinct evolutional origin of these genes in the Steccherinaceae family.
Introduction
Forest ecosystems, a land mass covered in trees, are major ecological units existing on our planet. These ecosystems are mainly responsible for such central processes in the biosphere as photosynthesis-the use of light energy to drive fixation of carbon dioxide. The largest part of the fixed carbon is utilized by trees to form a wood-the porous and fibrous structural tissue comprised of heavily lignified cells. Consequently, upon the death of a tree, wood becomes an enormous pool of organic matter (lignum) [1, 2] . However, mainly due to the presence of lignin, wood is a highly recalcitrant structure, decomposition of which is a complex process involving several stages to release substrates, this wood-rotting fungus can potentially be a good model for studying fungal adaptation to the ecological niche of pre-degraded wood.
In this article, we present the de novo assembly and annotation of the genome of S. ochraceum, LE-BIN 3174. This is the first published genome of the fungus from the Steccherinaceae family and the 9th genome sequenced for the fungus from the Residual Polyporoid clade.
Based on the sequenced genomes, the CAZymes repertoire of S. ochraceum LE-BIN 3174 was inferred, compared and contrasted with those of the 8 fungi belonging to the Polyporales and Agaricales orders and occupying different ecological niches and trophic groups-primary and secondary colonizer saprotrophs on lignum, folia dejecta, stramentum, and humus. Additionally, the laccases and ligninolytic peroxidases of S. ochraceum LE-BIN 3174 were phylogenetically positioned in the global phylogenetic trees previously constructed for these main fungal-secreted ligninolytic enzymes.
Genome-based findings regarding the intermediate position of S. ochraceum LE-BIN 3174 in terms of CAZymes repertoire and the peculiar evolutionary history of its laccases and ligninolytic peroxidases were further substantiated by a series of standard biochemical tests and study of the exoproteome obtained after the cultivation in the presence of wood sawdust.
Materials and Methods

Fungal Strains
The fungal strain of Steccherinum ochraceum (Persoon, 1801:Fries, 1821) Gray, 1821 was isolated (August 1, 2013) from basidiospores collected from a fallen dry aspen branch in the polydominant temperate deciduous broadleaf forest (Kaluzhskiye Zaseki Nature Reserve, Russia; N 53 • 33 28.4 ; E 35 • 38 24.4 ) . After morphological and genetic verifications, the strain was deposited in the Komarov Botanical Institute Basidiomycetes Culture Collection (LE-BIN; St. Petersburg, Russia) as S. ochraceum LE-BIN 3174. The sequence of its ITS1-5.8S rRNA-ITS2 region was obtained as described in [22] and deposited into the NCBI GenBank (Table S1 ).
The fungal strains Trametes versicolor LE-BIN 2599, Trametes pubescens LE-BIN 3173, Trametes hirsuta LE-BIN 072, Gymnopilus junonius LE-BIN 2840, Hymenopellis radicata LE-BIN 1795, Mycena galopus LE-BIN 2249, and Crucibulum laeve LE-BIN 1700, Agrocybe praecox LE-BIN 2506 were also obtained from LE-BIN. Upon reception, genetic verification was performed for all strains, as described in [22] , and the sequences of corresponding ITS1-5.8S rRNA-ITS2 regions were deposited into the NCBI GenBank (Table S1 ).
In the laboratory, all strains were stored on wort agar slants at 4 • C.
Genomic DNA Isolation, Library Preparation and Sequencing
For DNA extraction, S. ochraceum LE-BIN 3174 was statically cultivated at 26-28 • C in 750 mL Erlenmeyer flasks with 200 mL of glucose-peptone (GP) medium (per 1 L of dH 2 O): 3.0 g peptone, 10 .0 g glucose, 0.6 g KH 2 PO 4 , 0.4 g K 2 HPO 4 , 0.5 g MgSO 4 , 50 mg MnSO 4 , 1 mg ZnSO 4 , and 0.5 mg FeSO 4 . The mycelium was ground in liquid nitrogen, and total DNA was extracted using DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). The quality and quantity of the isolated DNA were checked using an Agilent Bioanalyzer 2100 (Agilent Technologies, Foster City, CA, USA) and Qubit fluorimeter (Thermo Fisher Scientific, Waltham, MA, USA).
After ultrasonic fragmentation, the genomic DNA was prepared for sequencing using TruSeq DNA Sample Prep Kit (Illumina, San Diego, CA, USA). The quality and quantity of the obtained DNA library was checked using Agilent Bioanalyzer 2100 and StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). Whole genome sequencing was carried out with an Illumina HiSeq 2500 system (Illumina, San Diego, CA, USA) using HiSeq Rapid SBS Kit v2 at the Evrogen JSC (Moscow, Russia).
Genome Assembly and Annotation
The shotgun sequencing produced 2 × 47,868,586 paired-end reads (2 × 100 bp), with an insert size of 300-500 bp. The reads were further processed with CLC Genomics Workbench 11.0 (Qiagen, Valencia, CA, USA) as follows: (1) adapters were removed from all reads; (2) all reads were trimmed based on their quality; (3) reads were sampled to reduce coverage to a maximum average coverage of 100×; (4) reads were de novo assembled and resulted contigs were scaffolded.
Genome structural and functional annotations were performed using Funannotate pipeline v1.5.0 (https://github.com/nextgenusfs/funannotate).
Structural annotation step included: (1) repeat masking with the RepeatMasker package (http://www.repeatmasker.org/) using the RepBase repeats libraries [27] ; (2) ab initio protein-coding gene prediction with self-trained GeneMark-ES [28] and AUGUSTUS [29] , trained using BUSCO 2.0 [30] gene models (Phanerochaete chrysosporium was selected as a closely-related species); (3) ab initio tRNA-coding gene prediction with tRNAscan-SE [31] ; (4) integration and filtering of the obtained gene models.
Functional annotation was performed with the Pfam [32] , InterPro [33] , eggNOG [34] , dbCAN [35] , MEROPS [36] , antiSMASH [37] , and BUSCO [30] databases. The prediction of transmembrane topologies and signal peptides was performed with Phobius [38] and SignalP [39] , respectively.
Comparative Analysis of the CAZyme Content
For the comparative analysis of the CAZyme content, the genomes of T. versicolor (v1.0), T. pubescens (FBCC735), G. junonius (AH 44721 v1.0), M. galopus (ATCC-62051 v1.0), C. laeve (CBS 166.37 v1.0) and A. praecox (OKM6292 v1.0) were extracted from the JGI (Joint Genome Institute) portal [40] ; the genomes of T. hirsuta (CP019370.1-CP019382.1) and H. radicata (QLOW00000000.1) were extracted from the GeneBank database [41] . To reduce potential bias, CAZymes content in all genomes was determined using the same pipeline as for the S. ochraceum LE-BIN 3174 genome, as described earlier.
Phylogenetic Analysis of the Laccase and Ligninolytic Peroxidase Genes
Codon-based multiple sequence alignment of the collected nucleotide sequences was constructed using the MUSCLE algorithm [42, 43] . A suitable nucleotide substitution model, GTR + Γ + I, was determined using jModelTest2 software [44] under the Akaike information criterion (AIC). A phylogenetic tree was reconstructed under the maximum likelihood (ML) criterion with RAxML-HPC BlackBox (8.2.10) program [45] at the CIPRES Science Gateway [46] (https://www.phylo.org/).
Biochemical Tests
To obtain inoculum plugs, fungi were cultivated on MEA medium (1.5% w/v of malt extract (Conda, Spain), and 2% w/v of agar (Difco, Kansas City, MO, USA)) in Petri dishes (Ø 90 mm) at 25 • C in the dark for 10-15 days.
Express assays of oxidative enzymes were carried out in Petri dishes (Ø 90 mm) containing 20 mL of MEA and 0.1% w/v of 2,2 -azino-bis 3-ethylbenzothiazoline-6-sulfonic acid (ABTS; Sigma, St. Louis, MO, USA). Inoculum plugs (Ø 7 mm) of studied fungi were placed mycelium up on the medium and incubated at 25 • C in the dark for 48 h. After incubation, blue colored zones, which indicated the enzymatic activity, were measured.
To evaluate cellulolytic activity, mycelium plugs were incubated on a medium containing 1% w/v of carboxymethyl cellulose (CMC; Chemapol, Praha, Czech Republic) and 1 % w/v of agar (Difco, Kansas City, MO, USA) in Petri dishes (Ø 90 mm) at 25 • C. Cellulolytic activity was evaluated after 48 h by measuring decolorized zones around the inoculum. The zones were revealed using water solution of I 2 in KI (0.5 % of I 2 in 2 % KI), as described in [47] . Azur B decolorization assay was carried out in Petri dishes (Ø 90 mm) containing 20 mL of MEA and 75 mg/L of Azur B (Sigma, St. Louis, MO, USA). Plates with Azur B, inoculated as described above, were incubated at 25 • C in the dark and examined each 2 days for decolorization.
Exoproteome Study
S. ochraceum LE-BIN 3174 was statically cultivated for 22 days in the GP medium in the presence of lignocellulose (25 g/L of wood sawdust). The exoproteome extraction, sample preparations, two-dimensional gel electrophoresis (2-DE), MALDI-TOF/TOF MS analysis, and data processing were performed as previously described in [48] .
Results and Discussion
Sequencing and Annotation of the S. ochraceum Genome
Using the Illumina technology, the genome of the fungus S. ochraceum strain LE-BIN 3174 was sequenced with overall coverage of 100× and ultimately assembled into 770 scaffolds with N50 values of 62,812 bp (the longest scaffold was 464,123 bp; mean size of scaffolds was 45,812 bp; median size of scaffolds was 33,955 bp). The final assembly comprised 35 Mb.
In the assembled genome, a total of 12,441 genes were predicted, of which 12,260 genes were identified as protein-coding, with a mean protein size of 483 aa, and 181 genes were identified as tRNA-coding. The proportion of the genome covered by the genes was 61.4%, and repeat content was 1.4%. The overall GC content of the genome was 52.7%, while coding region GC content was 54.9%.
Functional annotation of the predicted protein-coding genes ( Figure 1 ) was performed with three general content databases: the protein families database Pfam [32] , the integrative protein signature database InterPro [33] , and the orthologous groups database eggNOG [34] . As a result of general functional prediction, 7249 genes (59%) were assigned to clusters of orthologous groups (COGs), and 5341 (44%) genes received specific COG functional categories. Additionally, two domain-specific databases were employed: carbohydrate-active enzyme (CAZyme) database dbCAN [35] , and peptidase database MEROPS [36] . The prediction of transmembrane topologies and signal peptides was performed with Phobius [38] and SignalP [39] , respectively. 
Functional annotation of the predicted protein-coding genes ( Figure 1 ) was performed with three general content databases: the protein families database Pfam [32] , the integrative protein signature database InterPro [33] , and the orthologous groups database eggNOG [34] . As a result of general functional prediction, 7249 genes (59%) were assigned to clusters of orthologous groups (COGs), and 5341 (44%) genes received specific COG functional categories. Additionally, two domain-specific databases were employed: carbohydrate-active enzyme (CAZyme) database dbCAN [35] , and peptidase database MEROPS [36] . The prediction of transmembrane topologies and signal peptides was performed with Phobius [38] and SignalP [39] , respectively. [49] . Information about clusters of orthologous groups (COG) content of the genome is summarized on the double-layer donut chart. Note: CAZymes = carbohydrate-active enzymes.
Fungal secondary metabolite biosynthetic gene clusters were predicted with antiSMASH (fungal version) [37] . In total, 36 gene clusters were identified, among which 17 were proposed to participate in the biosynthesis of terpenes, and one was predicted as a polyketide synthase (t1pks) cluster; functions of the remaining 18 clusters were unknown.
Additionally, the genome completeness was evaluated based on the conservation of benchmarking universal single-copy orthologs (BUSCOs) [30] . The BUSCO analysis, with Aspergillus [49] . Information about clusters of orthologous groups (COG) content of the genome is summarized on the double-layer donut chart. Note: CAZymes = carbohydrate-active enzymes.
Additionally, the genome completeness was evaluated based on the conservation of benchmarking universal single-copy orthologs (BUSCOs) [30] . The BUSCO analysis, with Aspergillus nidulans selected as a seed species, showed a high degree of the genome completeness. Out of the 1312 BUSCO groups searched, 1198 genes (91.3%) were complete BUSCOs, of which 14 genes were complete duplicated BUSCOs; 76 genes (5.8%) were fragmented BUSCOs; and 38 genes (2.9%) were missing BUSCOs.
In summary, the obtained assembly and annotation of the genome of S. ochraceum strain LE-BIN 3174 is of comparable quality with previously published genomes of other polypore fungi [40] . Moreover, it is the first published genome of the fungus from the Steccherinaceae family.
The Whole Genome Shotgun project had been deposited at DDBJ/ENA/GenBank under the accession RWJN00000000. The version described in this paper is version RWJN00000000.1.
Although, as it is widely acknowledged, each new sequenced genome provides an enormous amount of information, in this article we primarily focus on the peculiarities of the S. ochraceum CAZymes repertoire in comparison with other fungi from different ecological niches and trophic groups.
The Peculiarities of the S. ochraceum CAZyme Genome Content
The whole genome sequence of S. ochraceum LE-BIN 3174 showed that it harbors 361 CAZymes (Table S2 ). The auxiliary activity enzymes (AA), carbohydrate esterase (CE), glycoside hydrolases (GH), glycosyl transferase (GT), and polysaccharide lyase (PL) superfamilies were represented by 109, 37, 151, 55, and 9 CAZymes from 9, 8, 48, 25, and 3 families, respectively. Based on the previous literature [13] , identified CAZymes were classified into seven groups according to the lignocellulose's polymeric components, upon which they can potentially act (Table S2 ). In total, 19 CAZymes involved in lignin degradation (8 laccases and 11 class II peroxidases) and 91 CAZymes involved in polysaccharide degradation were identified. Among polysaccharide-degrading CAZymes, 54 were related to the degradation of cellulose, 47 to hemicellulose (14-xylan, 23-galactomannan, 11-xyloglucan, and 11-arabinoxylan), and 36-pectin (please note that the numbers do not add up properly due to the redundancy in the classification scheme, which was advanced to reflect different enzymatic activities possessed by fungi rather than different CAZymes, since the same CAZyme can simultaneously act on several components of lignocellulose) ( Table S2) .
Comparison of the S. ochraceum CAZyme genome content with those from other lignocellulose decaying fungi belonging to the different trophic groups (Figure 2 , Table S1 ) revealed its several peculiarities.
For the total CAZyme content ( Figure 2 , Table S2 ), the comparison demonstrated that the number of CAZymes and their group-wise distribution in S. ochraceum are generally similar to those of the primary colonizing fungi (i.e., T. versicolor, T. pubescens, T. hirsuta). The most discrepancies for these fungi were observed for the GH and AA superfamilies. In the GH superfamily, the number of CAZymes was reduced (151 vs. average of 183), while in the AA superfamily the number was elevated (109 vs. average of 87). For the GH superfamily, the total difference in the number of CAZymes was almost uniformly spread among all its families. For the AA superfamily, the number of CAZymes from the AA3, AA6, and AA7 families was greatly elevated (44 vs. average of 25 for AA3; 4 vs. average of 1 for AA6; and 16 vs. averages of 5 for AA7), while the number of CAZymes from the AA2 family was significantly reduced (11 vs. average of 20). Additionally, slight elevation in the number of CAZymes from the AA1_1 family (8 vs. averages of 6) should be noted. Hence, for these five AA families, S. ochraceum is closer to the litter decomposers and humus saprotrophs. Moreover, since the AA7 family contains gluco-oligosaccharide oxidases (EC 1.1.3.-) that are involved in degradation of partially hydrolyzed cellulose biopolymer, and as the AA6 and AA1_1 families contain 1,4-benzoquinone reductases (EC 1.6.5.6) and laccases (EC 1.10.3.2) that are involved in the detoxification of different aromatic compounds that can be formed after lignin depolymerization, expansion of these families can be seen as a reflection of the substrate preferences of S. ochraceum toward partially degraded wood. Similarly, the reduction of the AA2 family containing fungal class II ligninolytic peroxidases (EC 1.11.1.-) that actively participate in the lignin oxidative depolymerization reflects decreased demand for such a process by the secondary colonizer fungus. For the total CAZyme content ( Figure 2 , Table S2 ), the comparison demonstrated that the number of CAZymes and their group-wise distribution in S. ochraceum are generally similar to those of the primary colonizing fungi (i.e., T. versicolor, T. pubescens, T. hirsuta). The most discrepancies for these fungi were observed for the GH and AA superfamilies. In the GH superfamily, the number of CAZymes was reduced (151 vs. average of 183), while in the AA superfamily the number was elevated (109 vs. average of 87). For the GH superfamily, the total difference in the number of CAZymes was almost uniformly spread among all its families. For the AA superfamily, the number of CAZymes from the AA3, AA6, and AA7 families was greatly elevated (44 vs. average of 25 for AA3; 4 vs. average of 1 for AA6; and 16 vs. averages of 5 for AA7), while the number of CAZymes from the AA2 family was significantly reduced (11 vs. average of 20). Additionally, slight elevation in the number of CAZymes from the AA1_1 family (8 vs. averages of 6) should be noted. Hence, for these five AA families, S. ochraceum is closer to the litter decomposers and humus saprotrophs. Moreover, since the AA7 family contains gluco-oligosaccharide oxidases (EC 1.1.3.-) that are involved in degradation of partially hydrolyzed cellulose biopolymer, and as the AA6 and AA1_1 families contain 1,4-benzoquinone reductases (EC 1.6.5.6) and laccases (EC 1.10.3.2) that are involved in the detoxification of different aromatic compounds that can be formed after lignin depolymerization, Considering the CAZymes acting on different polymeric components of lignocellulose [13] , among all fungi, S. ochraceum generally possesses the smallest number of CAZymes in each group under consideration ( Figure 2 , Table S3 ). This again could reflect the preference of this fungus to the partially degraded wood that contains less complex polymeric components.
The Evolutionary History of S. ochraceum Laccase and Ligninolytic Peroxidase Genes
It is fair to say that among all CAZymes of wood-degrading fungi, laccases and ligninolytic peroxidases (i.e., manganese peroxidases (MnPs), lignin peroxidases (LiPs), and versatile peroxidases (VPs)) are the enzymes that currently attract the most attention from researchers [50] [51] [52] . Despite the long history of investigation (the first fungal laccase was discovered in 1896 [53, 54] , and the first ligninolytic peroxidase in 1983 [55] ), it is only recently that the research community has started to fully appreciate the natural variability of these enzymes. As is shown for more than 300 genomes of Basidiomycete fungi, both laccases and ligninolytic peroxidases always form multigene families [40] . So, each fungus can potentially produce many laccase and peroxidase isozymes (i.e., products of different nonallelic genes), each of which can be presented by several isoforms (different in posttranslational modifications, e.g., glycosylation). Currently, since different biotechnological processes become more and more demanding for the specific properties of utilized enzymes (e.g., thermostability and substrate specificity), natural variability of laccases and peroxidases starts to stimulate their deeper investigation, and more importantly, systematization [56, 57] .
The genome of S. ochraceum strain LE-BIN 3174 contains 8 laccase and 11 peroxidase genes. In the current report, the determined genes were positioned in the existing phylogenetic framework, which for laccases was previously reported in [58] and for peroxides in [59] .
In case of the laccases (Figure 3A) , the constructed phylogenetic tree gives additional support to the hypothesis previously proposed in [58] , stating that laccases of the fungi from the Residual Polyporoid clade form an evolutionary distinct group (all ResPol subclade). Hence, the expansion of the laccase multigene family in the genomes of these fungi proceeded independently (in parallel) from its expansion in the genomes of fungi from the other main clade of the Polyporales order, in particular from the fungi of the evolutionally closest Phlebioid clade, which is contrary to the possible inheritance of multiple laccase genes from the common for these clades' ancestor fungal population. Maximum likelihood (ML) phylogenetic tree of laccase genes (tree annotation is consistent with those from more general tree in [58] ). (B) ML phylogenetic tree of peroxidase genes (tree annotation is consistent with those from more general tree in [59] ).
Phylogenetic analysis of the S. ochraceum ligninolytic peroxidase genes and its comparison with previously published data [59] suggest the presence of two groups of peroxidases in this fungus ( Figure  3B ). The first group is positioned within clade B, previously described in [59] . This clade contains peroxidases, which ancestral genes duplicated and diversified into VPs and MnPs before splitting of the Polyporales order into its four main clades at the end of the Jurassic [62] [63] [64] . The second group forms clade S, which is newly identified in this study. Since this clade solely contains the peroxidases of S. ochraceum, it can be concluded that the ancestral for this clade peroxidase gene started to duplicate after the formation of the evolutionary branch that leads to the Steccherinaceae family.
More detailed analysis revealed that the relationships between different types of peroxidases in clade S resemble those in clade D. Clade D was also described in [59] , and contains peroxidases of the fungi from the Core Polyporoid clade, whose ancestral gene duplicated and diversified into MnPs, VPs, and LiPs during the Cretaceous [63] . Resemblance of the phylogenetic relationships between clade S and clade D suggested that duplicated genes in clade S underwent the same sequence of diversification ) phylogenetic tree of laccase genes (tree annotation is consistent with those from more general tree in [58] ). (B) ML phylogenetic tree of peroxidase genes (tree annotation is consistent with those from more general tree in [59] ).
Additionally, the strong pattern of pairing of the laccase genes of S. ochraceum with the laccase genes of Steccherinum murashkinskyi on our tree suggests that for the fungi from the Steccherinaceae family, multiple laccase genes were probably inherited from its common ancestral population. The similar situation was previously described for the fungi from the Core Polyporoid clade [58] . For this clade, multiple duplications of the original laccase gene were predicted in its last common ancestor fungal population, and the approximate time of these duplications was determined to be near the second half of the early Cretaceous, the time when angiosperm plants were undergoing major radiation that produced a new ecological niche for the wood-rotting fungi [60] [61] [62] . Interestingly, the previously conducted in [62] [63] [64] molecular clock analysis suggests that the ancestral population that gave rise to the fungi of the Steccherinaceae family was formed near the end of the early Cretaceous; hence, multiple laccase duplications in this population can be promoted by the same necessity for adaptation to the wood of angiosperm plants.
Phylogenetic analysis of the S. ochraceum ligninolytic peroxidase genes and its comparison with previously published data [59] suggest the presence of two groups of peroxidases in this fungus ( Figure 3B ). The first group is positioned within clade B, previously described in [59] . This clade contains peroxidases, which ancestral genes duplicated and diversified into VPs and MnPs before splitting of the Polyporales order into its four main clades at the end of the Jurassic [62] [63] [64] . The second group forms clade S, which is newly identified in this study. Since this clade solely contains the peroxidases of S. ochraceum, it can be concluded that the ancestral for this clade peroxidase gene started to duplicate after the formation of the evolutionary branch that leads to the Steccherinaceae family.
More detailed analysis revealed that the relationships between different types of peroxidases in clade S resemble those in clade D. Clade D was also described in [59] , and contains peroxidases of the fungi from the Core Polyporoid clade, whose ancestral gene duplicated and diversified into MnPs, VPs, and LiPs during the Cretaceous [63] . Resemblance of the phylogenetic relationships between clade S and clade D suggested that duplicated genes in clade S underwent the same sequence of diversification that was previously described for clade D [59] : (1) incorporation of an exposed tryptophan residue by one of the ancient MnP that became a first VP; (2) duplication(s) of ancient VP gene; (3) loss of the Mn(II)-oxidation site by one of the ancient VPs that gave rise to all LiPs. In contrast to clade D, clade S can be characterized by the smaller number of duplications of LiPs. Interestingly, in clade D, a major number of duplications of LiPs occurred at the levels of individual species, all of which are primary colonizers. Hence, it can be speculated that when S. ochraceum adopted a secondary colonization strategy, expansion of its LiP stopped.
Biochemical Plate Tests
To substantiate our findings about the peculiarities of S. ochraceum LE-BIN 3174 CAZyme genome content, additional series of comparative plate tests were performed ( Figure S1 ). In these tests, two substrates (ABTS and Azur B) were used to assess general oxidative ability of fungal mycelia. While ABTS is regarded as a readily degradable substrate that can be potentially oxidized by a variety of enzymes (e.g., laccases and ligninolytic peroxidases), Azur B can be degraded only by high-redox-potential enzymes, such as ligninolytic peroxidases. To assess the general cellulolytic activity of fungal mycelia toward microcrystalline cellulose, CMC was used as a substrate. For comparative purposes, the pure cultures of the 9 fungal species previously selected for the comparison of the CAZymes genome contents were used (Table S1 ).
As can be seen in Figure 4 , S. ochraceum, demonstrating high degradation ability toward ABTS, forms a group with all fungi (except G. junonius) that have lignum as a primary substrate. In contrast, medium degradation ability toward Azur B placed S. ochraceum in the group with the litter decomposers and humus saprotrophs, apart from the primary colonizers.
In general, the medium ability of S. ochraceum to degrade Azur B suggests that its extracellular enzymes have a low capability to degrade non-phenolic lignin structures, and thus, actively depolymerize lignin. At the same time, high degradation ability toward ABTS proposed the presence of an enzymatic system that can potentially oxidize phenolic structures of lignin, and in doing this facilitate their polymerization and detoxification, which is a necessary process during the occupation of a pre-degraded wood.
It is interesting that the main extracellular enzymes responsible for the degradation of both ABTS and Azur B belong to the AA CAZyme superfamily-by the genome content of which S. ochraceum was demonstrated to be closer to the litter decomposers and humus saprotrophs rather than lignocolus (wood-inhabiting) fungi. Hence, the intermediate position of S. ochraceum between these two groups of fungi, predicted based on the AA-CAZyme genome content, was clearly substantiated at the level of its overall biochemistry.
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The Exoproteome of S. ochraceum Cultivated on the Lignocellulose Substrate
To go deeper at the molecular level, an additional exoproteome study was performed. During this study, the exoproteome of S. ochraceum cultivated in the presence of wood sawdust was extracted and analyzed using two-dimensional gel electrophoresis followed by mass spectrometry (MS). Using the unique peptides detected by MS and the performed structural annotation of the genome, 28 distinct proteins in the exoproteome were identified ( Figure 5 ). At the same time, the performed functional genome annotation allowed assigning specific enzymatic activities to all but two identified proteins.
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As we have previously shown, the substrate specificity and the structure of loops near the substrate binding pockets of laccases from the fungi of the Steccherinaceae and Trametaceae families differ significantly [22, 23] . What is especially interesting is that the substrate specificity of the laccases from the fungi of the Steccherinaceae family, including S. ochraceum, are more similar to the substrate specificity of laccases of the litter and humus saprotrophs [22, 23] . Moreover, many litter and humus saprotrophs demonstrate high laccase and low peroxidase activity during their growth on lignocellulose substrates [67] [68] [69] . Hence, both secondary colonizers and litter and humus saprotrophs evolved-most probably in parallel-laccases with similar substrate specificities, which they prefer to use over their peroxidases.
Regarding the cellulolytic CAZymes, the obtained exoproteome of S. ochraceum ( Figure 5 ) was characterized by virtual absence of the CAZymes specifically devoted to the degradation of crystalline cellulose. This is in line with the reduced number of corresponding CAZymes in the S. ochraceum genome (especially family GH5, which include β-1,4-endoglucanase), and the undetectable by the plate tests cellulolytic activity. In contrast, exoproteomes of the white rot fungi that perform early phase of wood degradation are typically characterized by the presence of a full spectrum of glycoside hydrolases, which are involved in degradation of cell wall cellulose, hemicelluloses, and pectin (Table S3) [48, 70] .
The second largest group of enzymes detected in the exoproteome of S. ochraceum ( Figure 5 ) consisted of different proteases belonging to the 5 distinct protease families [36] : two acid proteases from A1A family; 5 serine proteases-two from S53, two from S41 and one from S10 family; and one metalloprotease from M56 family. Secretion of many proteases that are diverse in nature by S. ochraceum could be due to the fact that for the secondary colonizing fungi, mycelia of the fungi from the earlier successional stages can serve as a direct source of nutrition [71] . Interestingly, the described situation is very common for litter and humus saprotrophs, many of which can use proteins as a sole source of carbon and nitrogen, and consequently highly express a variety of different proteases [72] . In contrast, primary colonizing fungi typically do not extensively produce proteases; for example, in the exoproteome of T. hirsuta, just one protease was detected [48] .
The remaining part of the exoproteome of S. ochraceum ( Figure 5) is represented by the different enzymes that increase nutrient acquisition functions: 6-phosphogluconolactonase (EC 3.1.1.31), glutaminase (EC 3.5.1.2), acid phosphatase (EC 3.1.3.2), phosphodiesterase (EC 3.1.4.-), and S1/P1 nuclease (EC 3.1.30.1). It is well known that production of such enzymes along with different proteases is an important hallmark of fungi that frequently participate in antagonistic interactions with their neighbors [71, 73] . With an advancement of degradation, the fungal biodiversity in wood together with the number of antagonistic interactions between different fungal strains increases [74] ; as such, it is expected for the secondary colonizing fungi to possess an array of enzymes that allow them to reuse remnants of both their dead predecessors and neighbors.
Conclusions
The genome of S. ochraceum announced in this article, strain LE-BIN 3174, together with the data from the biochemical plate tests and exoproteomic study allowed us to gain the first glimpse into the fungal adaptation to the advanced stages of wood decomposition.
With the first sequenced genome of the fungus from the Steccherinaceae family, we had the unique opportunity to explore the evolution of the two main secreted fungal oxidoreductases-laccases and class II peroxidases. We demonstrated that S. ochraceum and probably all fungi from the Steccherinaceae family possess a distinct phylogenetic group of these enzymes that started to form after the Steccherinaceae branch budded off near the end of the early Cretaceous.
The performed comparative analysis of the CAZyme genome content suggested that as a secondary colonizer, S. ochraceum possess more CAZymes belonging to the AA superfamily and less CAZymes belonging to the GH superfamily, in contrast to the primary colonizing fungi. Moreover, for several CAZymes from the AA superfamily (i.e., AA1_1, AA2, AA3, AA6, and AA7), S. ochraceum assumes the intermediate position between typical primary colonizing fungi and litter decomposers or humus saprotrophs. Importantly, the described intermediate position of S. ochraceum was subsequently confirmed both by the plate tests and exoproteomic study. The plate tests demonstrated that, possessing high degradation ability toward ABTS, S. ochraceum groups together with litter decomposers and humus saprotrophs, while, possessing low degradation ability toward Azur B and undetectable-toward CMC, S. ochraceum groups with primary colonizing fungi. Exoproteomic study revealed that the most abundant protein category secreted by S. ochraceum in the presence of wood sawdust is oxidoreductases (mainly laccases, and proteases), which is more typical for litter decomposers and humus saprotrophs than for primary colonizing fungi.
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